Legionella bacteria encounter optimum growing conditions in hot water systems and cooling towers.
INTRODUCTION
Legionella are aquatic and ubiquitous Gram-negative bacteria detected in natural freshwater environments and various human-made systems (e.g. hot water plumbing systems, cooling-towers). Since its isolation following an outbreak of acute pneumonia in 1976 (Fraser et al. ) , some species of Legionella have been reported to cause a severe pneumonia called Legionnaires' disease, the mortality may reach 15 to 30% (Benhamou et al. ) . Hot water networks in buildings are often contaminated with Legionella and are one of the most important sources of outbreaks and sporadic infection (Berthelot et al. ; Fields et al. ) . Indeed, these systems provide favorable growth conditions for Legionella such as warm temperatures W C) and mineral deposits which can be used as a nutrient source and support the growth of Legionella species (Stout et al. ) .
Human infection occurs when contaminated water aerosols are inhaled. Nowadays, the control of Legionella in water systems has become a worldwide public health concern. Many anti-Legionella treatments are available and are divided into two categories according to (i) their target (hot water systems or cooling tower) and to (ii) their properties (preventive or curative treatment). There are a variety of disinfection methods involving physical, thermal and chemical means (Kim et al. ) . Concerning chemical methods, disinfectants used are metal ions (copper and silver), oxidizing agents (chlorine, bromine, chloramines, hydrogen peroxide, peracetic acid …), nonoxidizing agents (isothiazolinone, organic bromine compounds, quaternary ammonium compounds …) and UV light. Disinfectants used for drinking water must be safe for human use in terms of both their chemical composition and concentration. Kim et al. () reviewed several studies conducted to assess the bactericidal efficiency of a variety of disinfectants against Legionella. Most of these treatments failed to control Legionella proliferation in systems linked to human activities and their effects remain transient. Such difficulties may be largely explained by Legionella ecology. In fact, it is now well known that most Legionella species live in biofilm (Fields et al. ) . This biofilm composed of a consortium of mixed bacterial species is a highly efficient and stable ecosystem, where resident microorganisms are well adapted and protected to survive in prolonged periods of environmental stresses (Fux et al. ) . In addition, bacteria in biofilm become 5 to 1,000 times more resistant to disinfection (McBain et al. ) .
This study was undertaken to investigate Legionella and total microflora behaviors in biofilm before, during and after a chemical treatment (bio-detergent þ hydrogen peroxide/ peracetic acid). For this purpose, a pilot plant simulating a real hot water system was used. It was composed of two identical loops running in parallel: one was used to test the treatments (Treated loop) and the other one was considered as a Control (without treatment).
MATERIALS AND METHODS

Pilot unit
The pilot plant (CSTB, France), subsequently referred to as 'pilot-scale 1' has been previously described by Farhat et al. () , as well as its contamination by environmental bacteria. A schematic representation of the pilot scale device is shown in Figure 1 . It consisted of two identical and independent 316 L stainless steel fully equipped loops fed by tap water. This facility is completely automated: water flow and temperature can be settled and controlled. A biofilm sampling box was designed to allow biofilm analysis. In this study, one loop was considered as a control network 'Control Loop' whereas the other loop was used to test the treatment 'Test Loop'.
Procedure of chemical treatment
The chemical treatment was applied to the Test loop three times using the same procedure. The connection between the two loops was cut before the chemical injection and it was restored at the end of the treatment trial (7 days after the bio-detergent injection). It consisted of a shock treatment divided into two phases by injecting (1) a biodetergent (based on a tensio-active, Ferrofos ® 5260) and (2) a biocide (hydrogen peroxide/peracetic acid, Ferrocid ® 8591) (Ferrofos ® and Ferrocid ® are registered brand names of BKG Water Solutions). The 'Cleaning phase' was realized by injecting the bio-detergent at a concentration of 100 mg/L with a flow of 20 mL/min. It was maintained during 24 hours and then, the total volume of treated water was renewed with tap water. Ferrofos ® 5260 acts by removing the organic component of the biofilm located on the tubing surface and therefore allows improvement of the efficiency of the biocide. The 'disinfection phase' was realized by injecting the oxidizing biocide at a concentration of 1,000 mg/L with a flow of 20 mL/min. It was maintained during 3 to 6 hours and then, the total volume of treated water was renewed until no H 2 O 2 residual concentration could be detected by the peroxide test (Merck, Darmstadt/ Germany).
Biofilm sampling
Before each chemical treatment, biofilm samples were taken from the Control and the Test Loops. Biofilm sampling was performed 24 hours after the bio-detergent injection and 24, 48, 72 and 168 hours after the biocide injection. The samples were collected (1) in the presence of the disinfection products (bio-detergent and biocide) in order to assess the bactericidal impact on sessile bacteria and (2) several days after the 'disinfection phase' in order to study the treatment efficiency and bacterial dynamics. Biofilm was recovered from coupons as described by Farhat et al. () and used for microbiological analysis (culture and molecular tools).
Physico-chemical analysis
All physico-chemical analysis (pH, conductivity and the concentration of Total Organic Carbon (TOC)) was performed on tap water that fed the pilot-scale 1 and on water from the two loops as decribed by Farhat et al. () .
Microbiological analysis
Culturable Legionella species (GVPC counts) and heterotrophic bacteria (R2A counts) were respectively counted according to the standard AFNOR NF T90-431 French procedure and by the standard spread plate procedure using R2A agar. Total DAPI counts were determined according to Farhat et al. () .
DNA extraction and PCR amplification
DNA extraction and PCR amplification were performed according to the procedure already used by Farhat et al. () .
RESULTS AND DISCUSSION
Analysis of control loop biofilm
Physico-chemical analysis
During each treatment, we observed that pH, conductivity and TOC concentrations did not show particular trends over the course of the experiment (7.7, 500-600 μS/cm and 1.3-1.7 mg/L respectively). Therefore, these results mean that the Control Loop can be used as a reference.
Microbiological analysis
No difference was noted between the three repeated tests (data not shown). All bacteria counts remained stable in biofilm throughout the study. As an example, Figure 2 shows the results obtained during the first treatment. These results indicate that no dysfunction occurred in the pilot-scale 1 unit used during the three repeated tests.
Analysis of test loop Biofilm
After the biocide injection, for each treatment (Figures 3-5 ), a decrease of culturable Legionella spp. to non-detectable was observed 24 hours later. Then, the initial concentrations were reached at the end of the experiment (7 days). The other four parameters had a different response after each treatment test. Concerning the first test (Figure 3 ), R2A counts were no more detectable after 24 hours and then the concentration increased by 1 log unit reaching the initial concentration 72 hours after the treatment (Figure 3) . DAPI, Legionella spp. and L. pneumophila counts decreased by 2.5, 3 and 3 log units respectively after 24 hours and then increased respectively by 2, 2 and 1 log units after 72 hours. After the second treatment, R2A, Legionella spp. PCR and L. pneumophila PCR were not affected by the biocide Figure 3 | Test Loop analysis after the first treatment. DAPI, R2A (means ± 2 SD), GVPC (range (min-max)), Legionella spp PCR (means ± 2 SD) and L. pneumophila PCR (means ± 2 SD) in the treated biofilm after the first chemical treatment. Figure 4 | Test Loop analysis after the second treatment. DAPI, R2A (means ± 2 SD), GVPC (range (min-max)), Legionella spp PCR (means ± 2 SD) and L. pneumophila PCR (means ± 2 SD) in the treated biofilm after the second chemical treatment.
( Figure 3 ). However, DAPI count decreased by 2 log units after 24 hours. The initial concentration was restored 72 hours later. Culturable Legionella were no more detected from day 1 to 3 and the initial concentration was restored 7 days after the beginning of the second treatment.
Concerning the third biocide injection, DAPI, R2A, Legionella spp. and L. pneumophila counts decreased by 1, 0.5 and 2 log units respectively 48 hours later and returned to the initial concentrations 3, 3 and 7 days later respectively for the first three parameters ( Figure 5 ). However, L. pneumophila PCR results remained stable. Culturable Legionella spp. was no longer detectable within 72 hours after the treatment and then reached the initial concentration 7 days later.
According to our real time PCR results almost all Legionella encountered in the loops belonged to L. pneumophila species. On the other side, according to the three treatments, Legionella PCR counts in biofilm were 1 to 3 log units higher than GVPC counts. Such a difference can be explained by (1) the presence of microorganisms in samples that may inhibit the growth of Legionella on culture medium, (2) 90% of Legionella in biofilm being in the viable but nonculturable (VBNC) state and thus non-detectable by culture methods and (3) a large part of Legionella being in amoeba cells. Amoebae support survival and growth of Legionella in hot water systems (Fields et al. ) . In this case, the number of Legionella within amoebae can be under-estimated by the culture method. We believe that these two counting methods are complementary to the better study of Legionella, since amoeba cells could engulf this bacterium, and some environmental strains of Legionella do not grow on culture media (Grattard et al. ) .
The effect of treatments on sessile bacteria was efficient and transient. Culturable Legionella were completely inhibited for 3 days after each treatment. Initial concentrations were obtained one week later. This can be explained by the remaining biofilm which allowed bacterial re-growth. Furthermore, this chemical treatment might induce stressful conditions that lead to the entrance of Legionella into a VBNC state. Alleron et al. () also showed Legionella abilities to grow again when monochloramine treatments were over. Furthermore, several authors have shown that Legionella populations were resuscitated by amoebae (Rowbotham ; Greub & Raoult ; Thomas et al. ) . According to our results, only the first treatment was really efficient on cultivable heterotrophic bacteria. Strong reductions of DAPI counts were observed 24 hours after the bio-detergent injection which means that biofilm was removed from the stainless steel coupons. This result can be correlated to TOC measurement increase in the water phase. Indeed, TOC values in the Test Loop increased from 1.3-1.7 mg/L to 74.8 mg/L, 84.3 mg/L and 63.3 mg/L 24 hours after the first, the second and the third bio-detergent Labas et al. ) . In this context, we conducted a test to verify if, in our case, the decrease of Legionella concentration quantified by real-time PCR was due to the treatment or to a possible real-time PCR inhibition by the hydrogen peroxide. The results (data not shown) revealed that in our experiments, hydrogen peroxide has no effect on real-time PCR. Consequently the decrease of Legionella concentration observed after treatment in the test loop is really a consequence of an anti-Legionella process.
CONCLUSION
Our objective was to evaluate and study Legionella behavior in biofilm within total flora after an innovative disinfection procedure consisting of a bio-detergent injection 24 hours before hydrogen peroxide injection in order to improve treatment efficiency. A pilot-scale 1 was used as an analytical tool to study the biofilm bacteria in real conditions and to control numerous parameters that are known to interfere with the results interpretation in a large field scale study. Treated biofilm results were compared to control biofilm.
The applied treatment seemed to be efficient but transient. Nevertheless, different doses and contact times should be tested in future studies to improve the effect of such a coupled treatment. Even if the efficacy is transient, we believe that it is a helpful work to better understand Legionella behavior towards chemical treatments. Indeed, materials (pilot-scale 1 with test and control loops) and methods (molecular tools) used to assess Legionella concentrations were innovative in this kind of study.
